A paracorporeal respiratory assist lung (PRAL) is being developed for supplemental gas exchange to allow the native lungs of acute lung failure patients to heal. The device consists of a rotating annular microporous hollow fiber membrane bundle. The rotation augments the gas exchange efficiency of the device at constant flow-rate thereby uncoupling gas exchange and flow rate. The rotating fibers also enable the PRAL to pump the blood without the need for an additional pump or arterial cannulation. Blood flow rates will be between 500 and 750 ml/min with CO 2 removal rates of 100 -130 ml/min. A prototype was manufactured with an overall surface area of 0.25 m 2 . When rotated at 1500 rpm, CO 2 removal increased by 133% and O 2 transfer increased by 157% during an in vitro bovine blood study. The pumping of the rotating fiber bundle was assessed in a glycerol/water solution. At 1500 rpm, the PRAL generated 750 ml/min against 52 mm Hg pressure. Hemolysis of the device was assessed using in vitro bovine blood from a slaughterhouse. Plasma free hemoglobin levels were similar regardless of whether the rotating fibers were present in the PRAL, indicating that a rotating fiber bundle can be used to increase gas exchange without causing blood trauma. ASAIO Journal 2005; 51:773-780.
end result of this treatment has been high mortality and morbidity in patients with acute lung failure such as ARDS and COPD. [11] [12] [13] In the late 1970s, Kolobow and Gattinoni suggested extracorporeal CO 2 removal as a means for supplemental gas exchange to reduce ventilator settings allowing the natural lungs to rest. 14 -20 The concept consisted of taking blood outside of the patient with a pump, removing CO 2 with a membrane oxygenator, and pumping the blood back to the patient. Extracorporeal CO 2 removal has since evolved into a simpler system known as arteriovenous CO 2 removal (AVCO2R). 21 Blood flows from an arterial femoral cannulation to a blood oxygenator and then back to the venous system of the patient through a femoral return cannula, thus eliminating the need for a pump. AVCO2R has been shown to achieve significant CO 2 removal at lower blood flow rates than typically used in extracorporeal membrane oxygenation. [21] [22] [23] The blood flow rate in AVCO2R systems depends on a combination of the arterialvenous pressure gradient of the patient and the resistance of the blood oxygenator and cannula. Studies of AVCO2R have been performed in animal models of ARDS, and have expanded into human clinical trials. Mechanical ventilation parameters such as tidal volume, minute ventilation, and peak pressure were reduced as a direct result of the low flow CO 2 removal of AVCO2R. 22, 24 We are developing a paracorporeal respiratory assist lung (PRAL) that targets clinically significant CO 2 removal at a low blood flow rate. A schematic representation of the PRAL is shown in Figure 1 . Percutaneous cannula (either one dual lumen or two single-lumen cannula) will be inserted through the femoral vein into the vena cava for blood flow to and from the PRAL. The PRAL uses an annular rotating hollow fiber membrane bundle to increase gas exchange efficiency through active mixing of the blood around the fibers, which ultimately uncouples gas exchange and blood flow rate. Typical passive oxygenators used in cardiopulmonary bypass depend on increased flow rate to achieve higher levels of gas exchange, whereas with the PRAL, gas exchange can be augmented by increasing the fiber bundle rotation rate while maintaining a constant low flow rate. The increase in gas exchange efficiency due to rotation also enables a lower membrane surface area than commercially available membrane oxygenators. The reduction in surface area may lead to decreased platelet activation and reduced thrombosis. 25 Additionally, the rotating fiber bundle generates pumping pressure which enables venovenous circulation without the need for an arterial cannulation. Venous cannulation may reduce the inherent blood loss and bleeding risks associated with arterial cannulation. The target CO 2 removal for the PRAL is 100 -130 ml/min at blood flow rates from 500 -750 ml/min to reduce ventilator settings and allow the native lungs of the patient to heal. Duration of support is targeted for 7-10 days for patients with acute respiratory failure.
The concept of using rotation in a membrane oxygenator has been around for some time. Several investigators in the 1970s used rotation to increase gas exchange in artificial lungs made from flat microporous membrane sheets. 26 -28 These devices were large in size because of the inherently low surface area/ volume ratio of membrane sheets. Other investigators have attempted to use rotation in disk-shaped oxygenators that exhibited high hemolysis levels due to their complex construction and operation. 29 -31 Makarawicz et al. manufactured and tested gas exchange and pumping in the pumping artificial lung (PAL) in the mid 1990s. 32, 33 The PAL was manufactured using a modified viscous blood pump housing, and its intended use was for simplifying cardiopulmonary bypass. This prototype exhibited an increased pumping ability with rotation; however, gas exchange was not increased with rotation at constant flow rate. Development in the area of rotating hollow fiber membrane bundles has since been sparse.
In this study, we investigate the feasibility of the PRAL concept using an initial prototype device. The principal goals of the study are 1) to measure the gas exchange performance of the initial PRAL prototype in water and blood; 2) to show that gas exchange can be significantly enhanced by rotation of the fiber bundle; 3) to show that the rotating bundle of the PRAL prototype allows the device to pump blood appropriate to its intended application; and 4) to demonstrate that blood damage (hemolysis) caused by the means by which gas exchange is enhanced and the device pumps, i.e., the rotation of the fibers within the bundle of the PRAL, is not significant.
Materials and Methods

Prototype Description
The initial PRAL prototype studied here was fabricated with a gas exchange surface area of 0.25 m 2 composed of uncoated microporous polypropylene fibers with an outer diameter of 300 m and an inner diameter of 240 m (Celgard, ARX30240, Charlotte NC). The fiber bundle had a thickness of five layers of fibers, a length of 13 cm, and an overall diameter of 6.6 cm. The fibers were wrapped and potted to a stainless steel support structure that coupled to the motor drive shaft.
The support structure eliminated torque applied directly to the fibers during bundle rotation. The stationary center core was fabricated from clear acrylic, and four holes were machined at the upstream end of the core for blood to enter into the fiber bundle. The gaps between the fiber bundle and the stationary walls on the inner and outer sides of the bundle were 4 mm and 2 mm, respectively. The housing that surrounded the fiber bundle was made from a stock piece of clear acrylic and consisted of three components, two endcaps, and a center piece that contained the outlet port. The blood inlet was located in the upstream endcap and connected to the center core for blood to enter the fiber bundle. Gas entered and exited the device through side ports in the endcaps and flowed through the lumens of the fibers. The gas pathway was separated from the blood pathway by 3/8" ID nitrile seals (CRseals, 6119, Elgin, IL). A stainless steel shaft connected the fiber bundle to the drive motor through the distal endcap.
In Vitro Gas Exchange
The gas exchange of the PRAL prototype was characterized in water and bovine blood from a local slaughterhouse. The blood was filtered with 40 m pore size filters (Pall Biomedical, SQ40S, Fajardo PR) on the day of collection to remove any hair or extraneous particles due to the collection process, and Gentamicin (0.1 g/mL) was added to prevent infection. A flow loop was constructed for both water and blood testing that consisted of a reservoir, a centrifugal pump (March Manufacturing, LC-2CP-MD, Glenview IL), a commercial oxygenator (Affinity, Medtronic MN), and the PRAL prototype (Figure 2) . Tubing connected the outflow port of the reservoir to the inlet of the centrifugal pump. The pump was used in conjunction with a Hoffman clamp to set the flow rate to 750 ml/min. Sweep gas through the commercial oxygenator was a N 2 /CO 2 mix adjusted with a gas blender (Cole-Parmer Instrument Company, PMM2-010032, Vernon Hills, IL) to set the inlet conditions in accordance with the Association for the Advancement of Medical Devices standards 34 : O 2 inlet saturation 65 Ϯ 5% and inlet pCO 2 of 45 Ϯ 5 mm Hg. The test fluid flowed from the commercial oxygenator into the PRAL and then back to the reservoir. The flow rate was measured using a flow probe (Transonic Systems, Inc, T110, Ithaca, NY). O 2 partial pressures at the inlet and outlet of the device were measured using a blood-gas analyzer (ABL-505 Radiometer Copenhagen, Denmark). The concentration and saturation of hemoglobin was measured with an OSM3 Hemoximeter (Radiometer). Pure oxygen sweep gas flowed under vacuum through the PRAL fiber lumens at 6.5 l/min. The gas then flowed through a moisture trap and through a Top Trak flow meter (Sierra Instruments, 822-13-OV1 PV1-V1, Monterey CA). A vacuum pump (Barnant, 400-3910, Barrington, IL) and needle valve were used to maintain constant sweep gas flow through the device. A CO 2 analyzer (Physiodyne, CO2-44B, Quogue, NY) was used to measure the concentration of CO 2 exiting the gas stream of the PRAL. Oxygen transfer rates in blood (V O 2 ) were calculated using the following relationship 35 :
where Q is the blood flow rate,a O 2 is the solubility of O 2 (3.16E-4 ml O 2 /ml blood/cmHg), and ͑P O 2 out Ϫ P O 2 in ͒is the difference in partial pressure between the inlet and outlet of the device. C T is the hemoglobin binding capacity of blood (0.167 ml O 2 /ml blood), and ⌬S is the change in saturation of the hemoglobin from the inlet to the outlet. O 2 transfer in water was calculated by setting ⌬S equal to zero in Equation 1 and using a solubility of 3.0E-4 ml O 2 /ml H 2 O/cmHg. 36 Carbon dioxide removal rate ( V CO 2 ) was calculated from the sweep gas flow rate ( Q OUT STP ) and CO 2 fraction ( F CO 2 ) exiting the PRAL:
Variations in the inlet pCO 2 can affect the overall gas exchange of the device. For example, an inlet pCO 2 of 45 mm Hg will have a lower CO 2 removal rate than an inlet pCO 2 of 50 mm Hg because this 5 mm Hg difference in inlet conditions corresponds to a 10% difference in concentration gradient across the fiber membranes. Therefore, the CO 2 exchange was normalized to an inlet pCO 2 of 45 mm Hg to reduce the variability associated with fluctuating inlet conditions 37:
If the inlet value differed by more than 45 Ϯ 5 mm Hg, the inlet concentration was adjusted by changing the sweep gas through the commercial oxygenator and the sample was taken again.
In Vitro Pumping in Blood Analogue Fluid
The pumping ability of the PRAL was quantified in a recirculating flow loop with a reservoir, the PRAL, and 3/8" laboratory tubing (Figure 3) . Pumping at rotation rates of 1500 and 1000 rpm was evaluated. The test fluid was a blood analogue consisting of a 2:3 part mixture of glycerol to water by volume with a viscosity of 3.4 cP measured with a falling ball viscometer (Gilmont Instruments, GV-2100, Barrington IL). The flow rate of the fluid was measured with the Transonic flow probe and the pressure difference across the device was measured using a differential pressure transducer (Validyne Engineering Corporation, CD379, Northridge, CA). At constant speed (rpm), the flow rate was throttled down incrementally to zero flow (shut off head) using a Hoffman clamp. At each flow rate, the pressure increase across the device was measured.
In Vitro Hemolysis
Hemolysis tests were conducted on the PRAL to assess the blood damage caused by rotating the fiber bundle. The experimental setup consisted of two identical test loops: one for evaluation of hemolysis of the PRAL and one for evaluation of hemolysis of a control oxygenator, the Capiox (Terumo, Capiox, Japan). Each loop contained a blood reservoir, a heat exchanger, a Biomedicus pump, the test device, and 3/8" Tygon laboratory (formulation R3603) tubing connecting the components together. The priming volume of each loop was 1.5 L. The fiber bundle was rotated at 1000 rpm, and the flow rate was adjusted with the Biomedicus pump to 750 ml/min. Blood was added to the control loop within 30 minutes and this loop was circulated until the temperature reached 37ºC. Samples (4 ml) were drawn from each loop every half hour for the first 2 hours and every hour thereafter for the duration of the 6-hour evaluation. Each sample was used to measure hematocrit and plasma free hemoglobin (PfHB). Hematocrit was measured with a capillary tube spun down for 3 minutes in a microhematocrit centrifuge (International Equipment Co., IEC MB, Needham Hts, MA). The remainder of the sample was spun down in a centrifuge at 3400 rpm for 15 minutes. The supernatant plasma was siphoned off into an Eppendorf tube and spun down again at 10000 rpm for another 15 minutes. The purified plasma was transferred to a cuvette and analyzed in a spectrophotometer (Thermo Spectronic Genesys 5) at a wavelength of 540 nm. The absorption of light by the spectrophotometer was calibrated to known levels of PfHB.
Plasma free hemoglobin levels were measured over time in a recirculating loop for the PRAL and then the same test was repeated with a different batch of blood on a different day after removing the PRAL fibers. A control oxygenator was tested simultaneously during each of these tests to compare differences between batches of blood. Blood damage was expressed as a Normalized Index of Hemolysis (NIH) according to the following equation 38: NIH ϭ ⌬PfHb · V · 1 Ϫ HCT ⁄ 100 · 100 ⌬t · Q where ⌬PfHb is the change in plasma free hemoglobin levels, V is the priming volume of the circuit, HCT is the hematocrit of the blood sample, Q is the flow rate of blood, and ⌬t is the time duration of the test.
Results
The gas exchange of the PRAL in water and blood is shown in Figure 4 as a function of rotation rate. In water, the PRAL prototype shows enhancement with increasing rotation rate at constant flow rate and the CO 2 removal per fiber bundle surface area increased from 62 Ϯ 2 ml/min/m 2 to 106 Ϯ 3 ml/min/m 2 over the range of 0 to 1500 rpm. The O 2 supplied to the water also increased with rotation from 38 Ϯ 1 to 65 Ϯ 1 ml/min/m 2 over the range of 0 to 1500 rpm. For both CO 2 and O 2 exchange in water, these increases correspond to over 70% increase in gas exchange due to the rotation of the fiber bundle. In blood, the CO 2 removal per fiber bundle surface area was 110 Ϯ 4 ml/min/m 2 at 0 rpm and increased to 256 Ϯ 16 ml/min/m 2 at 1500 rpm. The O 2 supplied per fiber bundle surface area increased from 80 Ϯ 4 ml/min/m 2 to 206 Ϯ 11 ml/min/m 2 . Maximum overall gas exchange occurred at 1500 rpm with 64 Ϯ 4 ml/min of CO 2 removed and 52 Ϯ 3 ml/min of O 2 supplied.
The pump curves for the PRAL prototype in a glycerol/water Figure 5 . A: Pump curves of PRAL at rpm of 1000 and 1500 in a water/glycerol solution with a viscosity of 3.4 cP. The system curve is also plotted to estimate the clinical performance criteria for the PRAL. B: Dimensionless pump curves of PRAL that can be used to estimate the pumping ability at any rotation rate. solution are shown in Figure 5a up to a flow rate of 1000 ml/min. The pressure generated by the rotating fiber bundle at 1500 rpm ranged from 57 mm Hg at no flow (shut off head) to 51 mm Hg at 734 ml/min. At 1000 rpm, the pressure ranged from 25 mm Hg at no flow to PRAL generated 22 mm Hg at 530 ml/min.
The hemolysis results are shown in Figure 6 for the PRAL device and the PRAL device with the fibers removed. Also shown on the graph are the PfHB levels for the corresponding control loops that were tested at the same time as the PRAL with and without fibers. The PfHB level for the PRAL increased from 15.6 to 120.8 mg/dL, and the PfHB level in the control loop tested on the same day with the same blood increased from 22.1 to 46.1 mg/dL. The PfHB level in the loop containing the PRAL device with the fibers removed increased from 20.4 to 102.9 mg/dL and the PfHB level in the Terumo control loop tested on the same day with the same batch of blood as the PRAL without the fibers increased from 22.9 to 33.6 mg/dL. The NIH values for the two experiments are shown in Figure 7 . The NIH was 0.389 for the PRAL and 0.091 for the control. For the PRAL without fibers, the NIH was 0.321 and 0.038 for the corresponding control loop.
Discussion
Mechanical ventilation is the current treatment for acute exacerbations of lung diseases such as ARDS and COPD, but mortality and morbidity remain high due to ventilator induced trauma. We are developing a paracorporeal PRAL to aid the breathing of the patient to enable the native lungs to heal. The gas exchange of the assist lung will allow reduced ventilator settings or possibly complete weaning from the ventilator altogether. Our assist lung uses a rotating hollow fiber membrane bundle for increased gas exchange and self-pumping. We tested the feasibility of this design by building a prototype and measuring gas exchange in water and blood and measuring the pumping ability in a glycerol-water blood analogue. We also evaluated the hemolysis of the PRAL in vitro using slaughterhouse bovine blood. Gas exchange in the PRAL increased with increasing rotating rate of the bundle at constant flow rate through the device. In blood, CO 2 removal increased 133% and O 2 supplied increased 158% at 1500 rpm over the stationary bundle. In addition to enhanced gas exchange, the PRAL pumped 750 ml/min of flow against a pressure of 52 mm Hg. In a series of in vitro hemolysis tests of the PRAL, the increase in plasma-free hemoglobin over time was not due to the rotating fibers within the bundle. Achieving adequate gas exchange at blood flow rates 750 ml/min or less requires either a large membrane surface area, or a high gas exchange per membrane area. The Affinity artificial lung that is used in AVCO2R is passive and achieves approximately 50 ml/min/m 2 of CO 2 removal efficiency at a blood flow rate of 1 l/min. 39 This level of efficiency requires a surface area in excess of 2 m 2 to achieve 100 ml/min of CO 2 removal. By contrast the rotation of the fiber bundle in the PRAL generates CO 2 removal efficiency of 250 ml/min/m 2 at 1500 rpm. The increase in efficiency enables a smaller membrane surface area than a passive artificial lung. The PRAL prototype described in this study was fabricated with a surface area of 0.25 m 2 primarily to show feasibility of a rotating bundle to increase gas exchange and pump. If the fiber bundle can be designed such that CO 2 removal efficiency scales with surface area, then our current design would only require 0.4 m 2 surface area to achieve 100 ml/min of CO 2 removal. We believe that the shear stress from the stationary walls surrounding the rotating fiber bundle is the mechanism behind gas exchange enhancement in the PRAL. The shear stress caused by the stationary walls penetrates into the bundle and opposes the drag force imparted by the rotating bundle on the blood. The relative velocity between the fibers and the blood is due to the shear stress within the bundle. As rotation rate is increased, the shear stress within the bundle increases, and therefore relative velocity between the fibers and the blood also increases leading to gas exchange enhancement. We have tried to maximize this shear penetration by minimizing the distance between the stationary walls and the rotating fiber bundle to within several millimeters. Additionally, the rotating fiber bundle is only five fiber layers thick so that two of these layers are rotating directly adjacent to the stationary walls. We believe that as fiber bundle thickness is increased with more layers, the blood will become entrained in the rotating bundle leading to lower relative velocity within the bundle. Therefore, gas exchange enhancement will diminish as fiber bundle thickness increases. The absence of gas exchange enhancement of the PAL reported by Makarawicz et al. 32, 33 may be due to the lack of a stationary center core in addition to the device having a thick fiber bundle compared with the PRAL fiber bundle.
The rotating fiber bundle generates pressure that enables the PRAL to pump. In this study, we tested the pumping ability in a glycerol/water solution with a kinematic viscosity similar to that of whole blood. Under the shear conditions in the PRAL, blood will act as a Newtonian fluid, so we believe that the glycerol/water mixture provides a realistic estimation of the performance of the PRAL in blood. We can estimate the pressure that the PRAL will need to generate from the pressure-flow relationship of a dual lumen cannula commonly used in pediatric ECMO (Origen Biomedical, REF). The cannula is 18 Fr and in the flow range of 500 -750 ml/min the pressure drop ranges from 80 -100 mm Hg. Figure 5A shows the current PRAL pumping ability with the estimated pressure drop of the proposed cannula (hatched region). The current PRAL prototype generated 52 mm Hg at 750 ml/min at 1500 rpm, approximately half of the required pumping ability. One way to increase the pumping ability is to increase the angular frequency of the rotating fiber bundle. We can estimate the rotation rate that will generate 80 -100 mm Hg pressure by transforming the pump curves into two dimensionless groups, the head coefficient defined as C H ϭ gh 2 d 2 and the flow coefficient defined as C Q ϭ Q d 3 where g is the gravitational constant, h is the head generated by the pump, is the angular frequency of the fiber bundle, and d is the diameter of the fiber bundle. Transforming the data in this way collapses the pump curves into one universal curve ( Figure 5B ) that can be used to estimate the PRAL pumping ability at any angular frequency. The theoretical pumping ability at 2000 rpm is shown in Figure  5A as a solid line. At this angular frequency, the PRAL pump curve is within the pressure-flow characteristics of the cannula, indicating that this cannula can be used for our application.
The rotating fibers in the PRAL cause minimal damage to the red blood cells. NIH was 0.389 for the PRAL compared with 0.321 for the PRAL with the fibers removed representing a difference of 17%. However, the rate of PfHB increase for the control loop tested against the PRAL was 0.091 compared with 0.038 for the same control loop tested against the PRAL with the fibers removed, representing a difference of nearly 60%. The large disparity in the NIH values in the control loops suggests large differences in the fragility of the blood used on the different test days. The disparity in blood batches may explain any difference between the PRAL with and without fibers.
A simple shear stress analysis is further evidence that the rotating fibers do not cause blood damage in the PRAL. Hemolysis is a function of exposure time and shear stress, but is not problematic when blood elements are exposed to shear stresses Ͻ 1500 dynes/cm 2 . 40 Maximum shear stress due to the rotating fiber bundle occurs at the surface of the outer layer of fibers. An order of magnitude estimation of this maximum shear stress is given by Х R 0 gap where is the viscosity of blood, is the angular frequency of the fiber bundle, R o is the outer radius of the fiber bundle, and ␦ gap is the gap thickness between the rotating fiber bundle and the outer stationary housing. Blood has a viscosity of 3 cP, 41 the outer radius of the fiber bundle is 3.3 cm, and the gap thickness is 0.2 cm. Therefore, the maximum shear stress due to rotation is on the order of 80 dynes/cm 2 , or two orders of magnitude less than the threshold for red cell damage. 40 Our estimations of shear stress due to the rotating fiber bundle indicate that the rotating fiber bundle in the PRAL should not induce significant blood damage thus helping to validate our experimental result that the fibers are not the main source of hemolysis.
One possible cause for the current level of hemolysis in the PRAL may be the blood flow path within the device. The inflow and outflow ports could cause high shear recirculation zones that would lead to elevated hemolysis. Computational fluid dynamics (CFD) and flow visualization techniques have become useful tools in determining high shear regions in blood pumps. [42] [43] [44] [45] [46] [47] [48] We plan to analyze the PRAL using CFD and flow visualization to locate any potential zones of high shear and recirculation. Additional causes for elevated blood damage may be the seals and bearing used in the current prototype. Heat generation is a common problem in blood pumps that contain seals around a rotating shaft. 49, 50 Infusion of heparinized saline around the rotating shaft can flush the area with fresh fluid to reduce heat and stagnation. 51 Seals made of ferromagnetic fluid are another solution that shown promise in minimizing blood damage. 50 Finally, a magnetic coupling could also be used to rotate the bundle to eliminate the seal and bearing altogether. 52 
Conclusion
Treating acute lung failures like the exacerbations of ARDS and COPD will require better outcomes than those achieved with mechanical ventilation. We are developing a PRAL with a rotating annular hollow fiber membrane bundle to temporarily supplement the gas exchange of the native lungs so they can heal. The PRAL demonstrates increased gas exchange with rotation, pumping ability, and minimal hemolysis caused by the rotation of the fibers. Implementing the PRAL will provide venovenous gas exchange at a low blood flow rate to reduce ventilator settings or weaning from the ventilator completely.
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